Introduction {#Sec1}
============

Huntington's disease (HD), a dominantly inherited neurodegenerative disease, is caused by an expansion of CAG repeats in the Huntingtin gene (*HTT*)^[@CR1],[@CR2]^. This CAG-repeat expansion in the gene results in an increased polyglutamine stretch in the translated mutant huntingtin protein, which plays a detrimental role in neurons^[@CR3]--[@CR5]^. Patients with HD exhibit severe involuntary motor dysfunction, psychiatric disturbances, and cognitive impairment caused by atrophy in several brain regions, among which the caudate nucleus and the putamen in the dorsal striatum are particularly vulnerable^[@CR6]--[@CR8]^. Several mechanisms have been proposed to explain the neuronal loss in the striatum in HD, including decreased levels of brain-derived neurotrophic factor (BDNF) in the striatum^[@CR6],[@CR9]^.

BDNF is a small secreted protein (\~14 kDa) that belongs to the neurotrophin family and is abundantly expressed in the adult brain^[@CR10]--[@CR12]^. Whereas pro-BDNF attenuates synaptic plasticity and exacerbates neuronal damage by activating the p75 neurotrophin receptor (p75NTR)^[@CR13],[@CR14]^, mature BDNF plays an essential role in promoting neuron survival and synaptic activity^[@CR15],[@CR16]^; BDNF also mediates the growth and maturation of neurons^[@CR17],[@CR18]^. Because little BDNF mRNA is detected in striatal neurons^[@CR19]--[@CR21]^, these neurons are believed to receive BDNF primarily from the cortex^[@CR19],[@CR22]^. BDNF levels in the striatum are markedly reduced in the conditional knockout mouse Emx-BDNF^KO^, in which BDNF expression in the cortex is abolished^[@CR22]^. Conversely, disrupting BDNF transport from the cortex using colchicine causes BDNF to accumulate in the soma of cortical afferent neurons^[@CR19]^.

The role of BDNF in HD pathogenesis has been extensively investigated, as BDNF plays a crucial role in neuron survival. Early studies using HD mouse models found that BDNF levels were diminished in both cortical and striatal neurons^[@CR23],[@CR24]^, which agrees with the findings of studies regarding the striatum in HD patients^[@CR25]^. Furthermore, insufficient BDNF production in cortical neurons was found to be associated with decreased striatal BDNF levels in YAC72 mice^[@CR23]^, and impaired cortical transport was also reported to contribute to the reduction in BDNF levels in the striatum in HD mice^[@CR10],[@CR15]^. However, the detailed mechanism of BDNF delivery during HD pathogenesis remains poorly understood. Here, we found that BDNF release was substantially decreased in cultured neurons from the zQ175 mouse, a knock-in model of HD that is relevant to human HD. We observed that single BDNF-containing vesicles have distinct release patterns and that the proportion of vesicles that undergo full release is altered in cortical projections close to striatal neurons in zQ175 mice. We also found altered basal-level transport of BDNF-containing vesicles in HD neurons from zQ175 mice. Finally, we found that applying BDNF to pure cultures of HD striatal neurons from zQ175 mice prevents their decreased soma size, which was observed in untreated pure HD striatal neurons in comparison with wild type neurons. Our results suggest that altered release and transport of BDNF-containing vesicles contributes to the impaired delivery of BDNF to the striatum in HD, thereby increasing the vulnerability of these neurons.

Methods {#Sec2}
=======

Animals {#Sec3}
-------

zQ175 knock-in mice were purchased from Jackson Laboratories and maintained in the Animal and Plant Care Facility at the Hong Kong University of Science and Technology (HKUST). Mice were housed with *ad libitum* access to food and water. Heterozygous mice were used for breeding. All experimental procedures were performed in accordance with the regulations of the Animal Ethics Committee at HKUST, and were approved by the Department of Health, Government of Hong Kong.

Primary culture {#Sec4}
---------------

Cortical and striatal neurons were cultured from heterozygous zQ175 pups and their wild-type (WT) littermates at postnatal day 0 (P0) after genotyping. Dissociated neurons were plated onto 12-mm coverslips (Deckglaser, Germany) and placed either in separate wells in 24-well plates or in adjacent compartments of culture dishes containing inserts (ibidi, Martinsried, Germany) for co-culture^[@CR26]^. Coverslips were precoated with poly-D-lysine (Sigma). For co-cultures, the inserts were removed at 1 day *in vitro* (DIV 1), and the cultures were washed carefully with Neurobasal medium (Lifetech). Neurons were maintained in Neurobasal medium supplemented with 5% FBS (Hyclone), 2% B27 (Lifetech), and 0.5 mM Glutamax (Lifetech). To inhibit glial cell proliferation, 20 μM 5-fluoro-2′-deoxyuridine (Sigma) was applied at DIV 3. Neurons were maintained in a 5% CO~2~ incubator at 37 °C and used at DIV 14--21^[@CR27]^.

Calcium phosphate transfection and electroporation {#Sec5}
--------------------------------------------------

Calcium phosphate transfections were performed in cultured cortical neurons at DIV 10 to express BDNF-pHluorin or BDNF-EGFP. Neurons were then returned to their original plates and used for experiments after DIV 13. The BDNF-pHluorin construct was kindly provided by Prof. Muming Poo (Institutes of Neuroscience, CAS, Shanghai). For co-cultures, cortical or striatal neurons were electroporated using the constructs for BDNF-pHluorin or pCMV (MinDis). iGluSnFR immediately before plating on ibidi dishes. The pCMV (MinDis). iGluSnFR was a gift from Prof. Loren Looger (Addgene plasmid \#41732)^[@CR28]^.

Time-lapse imaging of BDNF-pHluorin release {#Sec6}
-------------------------------------------

The microscopy setup and stimulation apparatus were built as previously described^[@CR29],[@CR30]^. Time-lapse imaging at 1 Hz (exposure time 100 ms) was performed using an EMCCD camera (Andor iXon Ultra 897). Coverslips were mounted together with the imaging chamber (Warner, 64-0284 PH1 heated platform) onto an Olympus inverted microscope (Olympus IX73). Neurons were continuously perfused with normal artificial cerebrospinal fluid solution (ACSF) containing 120 mM NaCl, 4 mM KCl, 2 mM CaCl~2~, 2 mM MgCl~2~, 10 mM D-glucose, and 10 mM HEPES (pH 7.2--7.4, 300--310 mOsm/L). The bath solution was maintained at 37 °C using a heater (Warner, TC-344C), and the bath solution was changed to ACSF containing 50 mM NH~4~Cl for determining the total expression level of BDNF-pHluorin^[@CR27],[@CR31]^. A 100× oil-immersion objective (Olympus) was used with a ZT488 rdc dichroic mirror and an ET 525/50 m emission filter for the GFP channel. A 488-nm and 532-nm laser (CrystaLaser) was used to image BDNF-pHluorin and FM4-64, respectively. Field stimuli (1-ms duration) were applied at 10 Hz using a Grass isolator (SD9, Grass Technologies) and custom-made parallel platinum wires. Stimulation, beam shutter, and the EMCCD camera were synchronized using pClamp 10.5 (Molecular Devices) and controlled using Andor SOLIS software (Andor). Neurons were incubated with 10 μM FM4-64 (Thermo Fisher Scientific) for labeling synaptic regions via spontaneous exocytosis and endocytosis^[@CR32],[@CR33]^. FM4-64 was imaged using a ZT532 rdc dichroic mirror and an ET 605/70 m emission filter immediately before the time-lapse imaging of BDNF-pHluorin. Theta-burst stimulation (TBS), consisting of 10 trains of stimuli with a 5-s interval, with each train comprising 10 pulses at 5 Hz with 4 spikes at 100 Hz, was applied as previously reported^[@CR27]^. The fluorescence intensities in the regions of interest (ROIs) were compared with the local background of two adjacent ROIs; the ROIs were regarded as synaptic regions if the FM4-64 signals were higher than the average intensity plus two standard deviations (*σ*) of the local background^[@CR29],[@CR34]^. Field stimulation (300 stimuli at 10 Hz) was applied to trigger BDNF release in WT and HD cortical neurons. After stimulation, neurons were perfused with NH~4~Cl for 120 s and then the bath solution was changed back to normal ACSF at the end of imaging (Fig. [1A](#Fig1){ref-type="fig"}). Local expression of BDNF-pHluorin was identified by the peak intensity during NH~4~Cl perfusion. Images of WT and HD neurons were acquired alternately.Figure 1Release of BDNF-pHluorin in cortical neurons. (**A**) Schematic diagrams of the experiment paradigm and representative images. (A1) Schematic of the experimental paradigm. The 20 s before stimulation served as the baseline, which was followed by 10-Hz stimulation for 30 s; after a brief rest period, the neurons were perfused with NH~4~Cl for 120 s, and the bath solution was changed back to normal ACSF after 230 s. Schematic of neuronal response (A2) and representative images (A3) of WT and HD neurons at baseline (0 s), during stimulation (30 s), and during NH~4~Cl perfusion (230 s). (**B**) Representative relative fluorescence intensity traces of the BDNF-pHluorin in WT (B1) and HD (B2) cortical neurons. (**C**) Averaged relative intensity traces of BDNF-pHluorin obtained from WT and HD neurons. (**D**) Cumulative plot of peak intensity *(I*~*1*~) induced by stimulation. Inset, bar graph of the peak intensity in WT neurons (n = 81 puncta) and HD neurons (n = 50 puncta); the peak intensity in HD neurons was significantly lower compared with WT neurons (^\*\*\*^*p* \< 0.001, Mann-Whitney *U* test). (**E**) Cumulative plot of peak intensity ratio, calculated as \[*I*~1~*/(I*~1~ + *I*~2~)\]; *I*~1~ and *I*~2~ represent the peak intensities induced by stimulation and NH~4~Cl perfusion, respectively. Inset, bar graph of the peak intensity ratio in WT neurons and HD neurons; the peak intensity ratio in HD neurons was significantly lower compared with WT neurons (^\*\*\*^*p* \< 0.001, Mann-Whitney *U* test). Scale bar: 10 μm.

Real-time imaging of exocytosis of single BDNF-containing vesicles {#Sec7}
------------------------------------------------------------------

Total internal reflection fluorescence microscopy (TIRFM) was used to identify the release of single BDNF-containing vesicles. Live images were captured at 10 Hz with a 100-ms exposure time. To trigger single-vesicle release, a brief stimulation at 50 Hz for 6 s was used after imaging the baseline for 5 s. ACSF containing 0.6 μM bafilomycin A1 (EMD Millipore) was used to measure the contribution of re-acidification to the fluorescence changes in BDNF-pHluorin^[@CR27],[@CR35]^. The bath solution was changed to MES buffer (normal ACSF with HEPES replaced with MES, and pH lowered to 5.5) to test whether the fluorescence decay was affected by vesicular movement from local positions^[@CR27],[@CR35]^.

Real-time imaging of BDNF-EGFP transport {#Sec8}
----------------------------------------

Cortical neurons were transfected with BDNF-EGFP at DIV 10 using calcium phosphate. Transfected neurons were imaged after DIV 13. Real-time imaging was performed using the frame-transfer mode with an exposure time of 100 ms. Field stimuli were applied at 10 Hz for 60 s. Transport of BDNF-EGFP was analyzed using the ImageJ macro Kymolyzer^[@CR36]^ both without and during electrical stimulation. The total travel length and the average speed were compared between WT and HD neurons.

Enzyme-linked immunosorbent assay (ELISA) {#Sec9}
-----------------------------------------

Released BDNF was measured using the mouse BDNF sandwich ELISA kit (Biomatik, Wilmington, DE). Neurons were incubated in 80 mM K^+^ for 10 min, and BDNF release was measured in accordance with the manufacturer's instructions. Absorbance at 450 nm was read using a FlexStation 3 Multi-Mode Microplate Reader (Molecular Devices). Standard curves were prepared with 7.8--500 pg/ml BDNF. The amount of BDNF released was divided by the total amount of protein in each sample as described previously^[@CR37]--[@CR39]^.

Soma size of striatal neurons {#Sec10}
-----------------------------

We treated both WT and HD primary striatal neurons with 50 ng/ml BDNF at DIV 5^[@CR9]^. Two days later, we performed bright-field imaging of both treated and untreated neurons using a 100x objective. Somas were identified and were measured using ImageJ software as described previously^[@CR9]^. Data were analyzed in a double-blind fashion.

Quantitative RT-PCR {#Sec11}
-------------------

Neurons were harvested at DIV 14--17. Total RNA was isolated using TRIzol reagent (Ambion), and the integrity of the RNA was estimated using gel electrophoresis. cDNA was synthesized from 1 µl of DNase-treated RNA using the QuantiNova Reverse Transcription kit (Qiagen) and was used as a template for quantitative reverse transcription polymerase chain reaction (qRT-PCR). qRT-PCR was performed in triplicate using the LightCycler 480 SYBR Green I Master Mix system (Roche). The relative level of *BDNF* mRNA was normalized to *α-tubulin* mRNA, which served as an endogenous internal control. The following primers were used for RT-PCR: murine *BDNF* sense: CCGGTATCCAAAGGCCAACT and antisense: CTGCAGCCTTCCTTGGTGTA; mouse *α-tubulin* sense: TGGCTGCCCTAGAGAAGGAT and antisense: GGAAGCAGCACCTTGTGACAT.

Antibodies {#Sec12}
----------

Immunoblotting was performed using the following antibodies: anti-phospho-TrkB (Tyr816; ABN1381; EMD Millipore Corporation, 1:500), anti-BDNF (N-20, sc546; Santa Cruz Biotechnology, Inc., 1:200), anti-alpha Tubulin (ab52866; Abcam; 1:1000), and anti-rabbit IgG HRP-conjugated (A0545; Sigma-Aldrich; 1:100,000). Protein band intensities were quantified using ImageJ.

Immunoblotting {#Sec13}
--------------

Neurons were lysed using N-PER Neuronal Protein Extraction Reagent (Thermo Scientific). Lysates were cleared by centrifugation for 21 min at 4 °C, boiled in sample buffer (120 mM Tris-HCl, 4% SDS, 20% glycerol, 5% beta-mercaptoethanol, and 0.1 mg bromophenol blue), resolved using SDS-PAGE, and transferred to a PVDF membrane. Membranes were blocked in 5% (w/v) dry milk or BSA in TBS-T (0.1% Tween-20 in TBS), incubated with primary antibodies overnight at 4 °C in TBS-T containing 3% BSA, washed with TBS-T, incubated with HRP-conjugated secondary antibodies at room temperature for 1 h, washed in TBS-T, and visualized using Clarity Western ECL Substrate (Bio-Rad Laboratories) with ChemiDoc (Bio-Rad Laboratories).

Analysis {#Sec14}
--------

MetaMorph (Molecular Devices) was used to measure the fluorescence intensity within ROIs. The relative intensity of each ROI was calculated using custom-made MATLAB programs (MathWorks). All summary data are presented as the mean ± SEM (standard error of the mean). Where appropriate, differences between WT and HD neurons were analyzed using the non-parametric Mann-Whitney *U* test^[@CR40]^. The proportion of event types between WT and HD neurons was compared using the Chi-square test^[@CR35]^. Fluorescence intensities were fitted with the single exponential *∆f/f*~0~ = *a*\*(1 − *e*^−*t*/*τ*^) + *c* using a custom-made MATLAB program to calculate the rise and decay time constants. All statistical analyses were conducted using IBM SPSS Statistics 19 software. Differences were considered significant at *p* \< 0.05.

Results {#Sec15}
=======

Release of BDNF-pHluorin in cortical neurons {#Sec16}
--------------------------------------------

First, we tested whether BDNF secretion is altered in primary cortical neurons obtained from our zQ175 knock-in mouse model of HD, which closely mimics HD in humans in terms of genetic context and the late-onset, slow progression, and neuropathology^[@CR41],[@CR42]^. Neurons were stimulated with 80 mM K^+^, and secreted BDNF was measured in the culture medium using ELISA. We found a significant decrease in secreted BDNF levels in HD cortical neurons compared to WT neurons (*p* = *0*.*0065*, Mann-Whitney *U* test, Supplementary Fig. [S1](#MOESM1){ref-type="media"}).

Next, to investigate the mechanisms that underlie this decrease in BDNF secretion, we examined the exocytosis of BDNF in cortical neurons. We transfected cortical neurons with BDNF-pHluorin, a reporter in which BDNF is fused to pH-sensitive GFP (pHluorin)^[@CR27]^. In transfected neurons, exocytosis is observed as a rapid increase in BDNF-pHluorin fluorescence. This construct was previously shown to function similar to endogenous BDNF, including TrkB receptor phosphorylation and activation of downstream signaling pathways^[@CR27]^. BDNF-pHluorin fluorescence was initially quenched by the acidic environment in the lumen of BDNF-containing vesicles; however, fluorescence increased when the reporter is exposed to the external solution of pH \~7.3 upon opening of the fusion pore (Fig. [1A](#Fig1){ref-type="fig"}). BDNF release in cortical neurons was measured by performing 1-Hz time-lapse imaging at DIV 14--21. Neurons expressing BDNF-pHluorin were first identified by the application of NH~4~Cl, which caused a massive increase in fluorescence due to de-acidification (Supplementary Fig. [S2A,B](#MOESM1){ref-type="media"}). In agreement with a previous report^[@CR27]^, BDNF-containing vesicles exhibited distinct release patterns when various stimulation protocols were used (Supplementary Fig. [S3](#MOESM1){ref-type="media"}). For our experiments, we used 300 field stimuli (10 Hz for 30 s), which does not induce plasticity and is close to physiological conditions, as *in vivo* neurons experience tonic activity ranging from 1 to 20 Hz^[@CR27],[@CR43],[@CR44]^. Before stimulation, 20 frames were recorded as the baseline. Neurons were then stimulated using custom-made parallel electrodes, and after a brief resting period following the stimulation, neurons were perfused with NH~4~Cl (Fig. [1A](#Fig1){ref-type="fig"}). NH~4~Cl permeated into the lumen of BDNF-containing vesicles and de-quenched all BDNF-pHluorin in the presynaptic terminals (Fig. [1A](#Fig1){ref-type="fig"}). Thus, local expression of BDNF-pHluorin was estimated based on the sum of the peak intensity during stimulation and during NH~4~Cl perfusion. Relative intensities of BDNF-pHluorin determined during the stimulation and the NH~4~Cl perfusion were monitored independently in WT and HD neurons (Fig. [1B,C](#Fig1){ref-type="fig"}). Peak intensities obtained during electrical stimulation and during NH~4~Cl perfusion are represented as *I*~*1*~ and *I*~2~, respectively, and the peak intensity during stimulation (*I*~1~) was significantly lower in HD neurons than WT neurons (*p* = *0*.*00004427*, Mann-Whitney *U* test) (Fig. [1D](#Fig1){ref-type="fig"},inset). The release ratio of BDNF-pHluorin during stimulation was calculated as the intensity ratio \[*I*~1~*/(I*~1~ + *I*~2~)\] (Fig. [1E](#Fig1){ref-type="fig"}) in order to reflect the variance in fluorescent puncta; the results show that the release ratio during stimulation was significantly lower in HD neurons than WT neurons (*p* = *0*.*0000003892*, Mann-Whitney *U* test, Fig. [1E](#Fig1){ref-type="fig"}). This indicates that BDNF release is markedly reduced in HD cortical neurons.

Release of BDNF-pHluorin from cortical neurons projecting to striatal neurons {#Sec17}
-----------------------------------------------------------------------------

To test whether BDNF release is decreased in cortical neurons projecting to striatal neurons, we co-cultured cortical and striatal neurons using ibidi 2-well culture inserts (Fig. [2A](#Fig2){ref-type="fig"}); the inserts were removed at DIV 1, after which the cortical neurons could project freely into the striatal compartment (Fig. [2A](#Fig2){ref-type="fig"}). To verify the formation of corticostriatal connections, striatal neurons were electroporated with a construct expressing the glutamate sensor iGluSnFR; the fluorescence intensity of this sensor increases upon binding glutamate^[@CR28]^. Because the striatum primarily contains inhibitory neurons, the glutamate captured in the striatal neurons in our co-culture is likely derived from cortical projection neurons. Cortical presynaptic terminals were identified based on the spontaneous loading of FM4--64. After washing to eliminate nonspecific binding, field stimulation was applied (Supplementary Fig. [S4A](#MOESM1){ref-type="media"}). The iGluSnFR signal increased rapidly after stimulation in regions that were near FM4-64 puncta (e.g., the red ROI) but increased slowly in regions far from the FM4-64 puncta (e.g., the blue ROI) (Supplementary Fig. [S4A,B](#MOESM1){ref-type="media"}). These results indicate that active connections were formed between the co-cultured cortical and striatal neurons.Figure 2Release of BDNF-pHluorin from cortical projection neurons close to striatal neurons. (**A**) Schematic of corticostriatal co-cultures prepared using ibidi 2-well culture inserts and a representative image. (A1) Cortical and striatal neurons were plated in separate compartments and they formed connections after the inserts were removed. A gap area close to the striatal compartment is marked in red. (A2) Representative image showing that a cortical neuron projected to the striatal compartment, in which the imaging area is highlighted by the red box. (**B**) Response at different times of the cortical projection neuron shown in (A2). (**C**) Relative fluorescence intensity traces of BDNF-pHluorin at cortical presynaptic terminals close to striatal neurons. (**D**) Cumulative plot of peak intensity ratio in WT and HD neurons. Inset, bar graph of intensity ratio, showing a significant decrease in HD neurons (n = 61) as compared with that in WT neurons (n = 51); ^\*\*\*^*p* \< 0.001, Mann-Whitney *U* test. Scale bar: 10 μm.

Neurons isolated from the cortex were electroporated with the BDNF-pHluorin construct before being plated into dishes with the 2-well inserts; the axons from these cortical neurons that projected into the compartments containing striatal neurons were then imaged (Fig. [2A](#Fig2){ref-type="fig"}). The same stimulation protocol was applied to WT and HD neurons, and total fluorescence was measured during stimulation and during NH~4~Cl perfusion (Fig. [2B,C](#Fig2){ref-type="fig"}). As in the case of pure cortical HD neurons, BDNF release from the co-cultured HD cortical neurons was decreased relative to WT neurons. The intensity ratio determined for the HD cortical axons that projected into striatal compartments was significantly lower than WT axons (*p* = *0*.*00000638*1, Mann-Whitney *U* test) (Fig. [2D](#Fig2){ref-type="fig"}, inset). Thus, we conclude that BDNF release is decreased in co-cultured cortical neurons from zQ175 mice.

Exocytosis of single BDNF-pHluorin-containing vesicles {#Sec18}
------------------------------------------------------

To investigate whether the decreased BDNF release was caused by differences in the prevalence of the specific release patterns of BDNF-containing vesicles, we measured BDNF release from single BDNF-containing vesicles using total internal reflection fluorescence microscopy (TIRFM) during 300 electrical stimuli (50 Hz for 6 s). For these experiments, we used a higher stimulation frequency, as this frequency is more effective at triggering the release of BDNF-containing vesicles compared to 10 Hz stimulation^[@CR35],[@CR45],[@CR46]^. Because TIRFM excites fluorescent molecules selectively near the cell surface, this technique can be used to observe the release of single BDNF containing vesicles^[@CR47]--[@CR49]^. We observed the exocytosis of single BDNF-containing vesicles similar to the previously measured exocytosis from single synaptic vesicles^[@CR47]^. Under TIRFM, the increase in fluorescence intensity is caused by the de-acidification that occurs after fusion-pore opening near the surface of the coverslip. To confirm that the fluorescence increase in BDNF-pHluorin observed under TIRFM was caused by opening of the fusion pore and de-acidification of vesicles, we applied the membrane-impermeable MES buffer after electrical stimulation^[@CR35]^. All events were quenched by MES (Supplementary Fig. [S5A](#MOESM1){ref-type="media"}), which indicates that the fluorescence changes represented opening of the fusion pore of BDNF-containing vesicles during stimulation. Because the decay in the fluorescence intensity of BDNF-pHluorin could have been caused by vesicle re-acidification, we measured the effect of re-acidification on fluorescence changes in BDNF-pHluorin^[@CR27],[@CR31]^ using the vesicular H^+^-ATPase inhibitor bafilomycin^[@CR35]^. Application of bafilomycin did not affect the time course of BDNF-pHluorin release, as the decay time constants measured in the presence and absence of bafilomycin did not differ significantly (*p* = 0.5667, Mann-Whitney *U* test) (Supplementary Fig. [S5C](#MOESM1){ref-type="media"}). In agreement with previous reports^[@CR35],[@CR45]^, our results indicate that the release of single BDNF-containing vesicles is adequately detected as a change in BDNF-pHluorin fluorescence under TIRFM.

Next, we measured the exocytosis of single BDNF-pHluorin-containing vesicles in WT and HD cortical neurons co-cultured with striatal neurons. Cortical neurons were electroporated with the BDNF-pHluorin construct, and presynaptic terminals were identified based on FM4-64-labeled synaptic vesicles (Fig. [3A](#Fig3){ref-type="fig"}). We found that the rise time constant was similar between WT and HD neurons (*p* = 0.8075, Mann-Whitney *U* test) (Fig. [3B](#Fig3){ref-type="fig"}); in contrast, the decay time constant was significantly increased in HD neurons (*p* = *0*.*01474*, Mann-Whitney *U* test) (Fig. [3C](#Fig3){ref-type="fig"}). Consistent with a previous report^[@CR35]^, we observed diverse release patterns for single BDNF-pHluorin-containing vesicles, even within the same neuron (Fig. [3D](#Fig3){ref-type="fig"}); we classified each of these release events into 5 groups based on their kinetics^[@CR35]^. Most of the release events were "fast-decay" events that occurred immediately after the fluorescence reached peak intensity, and these events were further divided into the following 3 groups: "full-decay," "decay-plateau," and "decay-plateau-decay." The "full-decay" group included events in which the fluorescence intensity decreased to baseline levels, suggesting full release or the persistence of a dilated fusion pore for single BDNF-pHluorin-containing vesicles^[@CR35]^. In contrast, the "decay-plateau" group included events in which the intensity remained above baseline until the end of the imaging experiment, suggesting transient opening of the fusion pore for single BDNF-pHluorin-containing vesicles, similar to the release of synaptic vesicles^[@CR35],[@CR50]^. In certain cases of full decay, the decay was interrupted by a brief plateau, and these events were categorized as "decay-plateau-decay" release events. In the remainder of the events, fluorescence intensity was maintained at the peak level briefly before decay, and these were named "plateau-decay" or "plateau-decay-plateau" events depending on whether the intensity reached baseline by the final imaging frame (Fig. [3D](#Fig3){ref-type="fig"}). We found that the proportions of these release patterns differed significantly between WT and HD neurons (*p* = 0.000036, χ^2^ test) (Fig. [3E](#Fig3){ref-type="fig"}). Specifically, more "decay-plateau" events were observed in HD neurons compared to WT neurons (63.97% vs. 36.24%, respectively; *p* = 0.0000029, paired χ^2^ test), whereas "full-decay" events were significantly less prevalent in HD neurons compared to WT neurons (17.65% vs. 38.26%, respectively; *p* = 0.00012, paired χ^2^ test); however, the prevalence of both "plateau-decay" events (*p* = 0.089, paired χ^2^ test) and "decay-plateau-decay" (*p* = 0.54, paired χ^2^ test) events were similar between HD and WT neurons. Our results reveal a significant change in the release pattern of BDNF-containing vesicles in HD neurons, leading to a decrease in the amount of BDNF released in HD neurons.Figure 3Release patterns of single BDNF-pHluorin-containing vesicles in cortical projection neurons close to striatal neurons. (**A**) Representative images of single BDNF-containing vesicles (green) before (left) and after (right) stimulation. Presynaptic terminals are identified by FM4-64 puncta (red). Arrows indicate the release of single BDNF-containing vesicles. (**B**) Cumulative plot of the rising time constant of fluorescence intensity, which did not differ significantly between WT and HD neurons (Inset, *p* = 0.8075, Mann-Whitney *U* test). (**C**) Cumulative plot of decay time constant, which differed significantly between WT and HD neurons (inset, *p* = *0*.*01474*, Mann-Whitney *U* test). (**D**) Exemplar traces of 5 release patterns. (**E**) Proportions of distinct release patterns. As compared to WT (n = 149 events, **E1**), HD neurons (n = 136 events, **E2**) showed a reduction in the fraction of "full-decay" events but an increase in that of "decay-plateau" events (*p* \< 0.0001, paired χ^2^ test). NS, not statistically significant, and ^\*^*p* \< 0.05, Mann-Whitney *U* test. Scale bar: 10 μm.

Transport of BDNF in cortical neurons {#Sec19}
-------------------------------------

Because the axonal transport of BDNF from the soma to presynaptic terminals in cortical neurons can also affect the delivery of BDNF to neurons in the striatum, we examined whether the axonal transport of BDNF-containing vesicles is altered in primary cortical neurons cultured from zQ175 mice. To measure the transport of BDNF-containing vesicles, we transfected cortical neurons with BDNF-EGFP and performed real-time imaging at 10 Hz; these images were then used to measure the total travel length and speed of BDNF-containing vesicles moving along the axons. Figure [4A](#Fig4){ref-type="fig"} shows the kymographs of BDNF-EGFP-containing vesicles moving along the axons of HD and WT cortical neurons, showing both anterograde and retrograde movement of BDNF-containing vesicles. The total travel length and speed of BDNF-EGFP-containing vesicles moving along axons judged by the morphology were calculated with the ImageJ macro Kymolyzer^[@CR36]^. Under basal conditions, both the total travel length and vesicle speed were significantly lower in HD neurons compared to WT neurons (*p* = *0*.*03999* and *p* = *0*.*003691* respectively, Mann-Whitney *U* test) (Fig. [4B1,C1](#Fig4){ref-type="fig"}). This impaired movement of vesicles in HD neurons suggests a deficit in the transport of BDNF-containing vesicles, which may reduce the delivery of BDNF from cortical neurons to neurons in the striatum.Figure 4Transport of BDNF-EGFP-containing vesicles in cultured cortical neurons. (**A**) Representative kymographs of BDNF-EGFP-containing vesicles without (A1) and during (A2) stimulation of WT and HD neurons. (**B**) Total travel length for BDNF-GFP-containing vesicles in without (B~1~, n = 145 for WT; n = 149 for HD) and during (B~2~, n = 114 for WT; n = 148 for HD) field stimulation. (**C**) Speed of BDNF-EGFP-containing vesicles in WT and HD neurons without (C~1~) and during (C~2~) stimulation. ^\*^*p* \< 0.05, Mann-Whitney *U* test; NS, not statistically significant. Scale bar: 10 µm, 5 s.

We also examined whether the transport of BDNF-containing vesicles in HD cortical neurons during activity induced by 300 electrical stimuli is altered in comparison with WT neurons. Figure [4A2](#Fig4){ref-type="fig"} shows the kymographs of BDNF-EGFP-containing vesicles during stimulation, showing both anterograde and retrograde movement. In contrast to our results obtained under basal conditions, we found that neither the total travel length nor the speed of movement differed significantly between HD and WT cortical neurons during field stimulation (*p* = 0.3645 and *p* = 0.1053, respectively; Mann-Whitney *U* test) (Fig. [4B2,C2](#Fig4){ref-type="fig"}). These results indicate that the transport of BDNF-containing vesicles during the external stimulation is not altered in HD cortical neurons compared with that of WT neurons.

Treating striatal neurons with BDNF {#Sec20}
-----------------------------------

Next, we used western blot analysis to measure BDNF levels in both striatal and cortical neurons. Our analysis revealed that cortical neurons produce robust levels of BDNF, whereas striatal neurons do not express measurable levels of BDNF (Fig. [5A](#Fig5){ref-type="fig"}). Thus, striatal neurons do not express relevant levels of BDNF and likely receive BDNF from the cortex^[@CR19],[@CR22]^.Figure 5BDNF treatment increases the soma size of striatal neurons. (**A**) Immunoblot analysis of lysates from pure primary striatal (STR) and cortical (CTX) neurons at DIV 14 using an anti-BDNF antibody. (**B**) Soma size of untreated and BDNF-treated primary striatal neurons. NS, not statistically significant; ^\*\*\*^*p* \< 0.001, Mann-Whitney *U* test.

Given this key finding, we then examined whether the changes in striatal neurons in zQ175 mice due to decreased delivery of BDNF from cortical neurons can be prevented by applying BDNF to striatal neurons. We treated striatal neurons at DIV 5 with 50 ng/ml BDNF for two days and then measured soma size using ImageJ analysis of bright-field images. We found that the soma size of untreated HD striatal neurons was significantly smaller than untreated WT striatal neurons (*p* = *0*.*000023*, Mann-Whitney *U* test) (Fig. [5B](#Fig5){ref-type="fig"}). Treating both HD and WT neurons with BDNF significantly increased their soma size (*p* = 0.00000015 for WT striatal neurons and *p* = *2*.*8\*10*^*−10*^ for HD striatal neurons, Mann-Whitney *U* test). Interestingly, after BDNF treatment, soma size was no longer significantly different between HD and WT neurons (*p* = 0.35, Mann-Whitney *U* test). These results indicate that treating striatal HD neurons with BDNF can prevents changes in cellular morphology, suggesting a possible new therapeutic approach to treating HD patients.

Discussion {#Sec21}
==========

In this study, we report the real-time measurement of release and transport of BDNF in cultured cortical neurons using a zQ175 knock-in mice, as model for HD. We found that BDNF release is markedly decreased in both the cortical neurons and their projections to co-cultured striatal neurons in zQ175 mice. We also observed distinct release patterns of single BDNF-containing vesicles; specifically, the proportion of "full-decay" events was considerably lower in HD neurons compared to WT neurons. In addition, we found that the axonal transport of BDNF is significantly impaired in zQ175 cortical neurons.

Our findings suggest that the delivery of BDNF from the cortex to the striatum is impaired in HD. This impaired delivery of BDNF may underlie the high vulnerability of striatal neurons in HD, as BDNF plays an essential role in promoting neuronal survival, maturation, and synaptic activity^[@CR15]--[@CR18]^. Striatal neurons produce little BDNF^[@CR19]--[@CR21]^ and receive BDNF largely from the cortex though they were reported to receive BDNF from other brain regions including the thalamus and mesencephalon^[@CR19],[@CR22],[@CR51]^. Our findings therefore provide a plausible explanation for the recent report that presynaptic dysfunction causes pathological features in the striatal compartment in an *in vitro* corticostriatal network in HD^[@CR52]^. Although our findings are based on cultured neurons from newborn mice, which may not necessarily reflect the *in vivo* situation in patients, our results are consistent with a recent study using acute striatal slices from HD mice, which found altered cortical secretion of BDNF^[@CR53]^.

We observed the significant reduction of the soma size in untreated HD striatal neurons compared with untreated WT striatal neurons. The similar results were reported in a previous study using striatal neurons cultured from BACHD mice (another mouse model of HD)^[@CR9]^. However, no significant reduction of the soma size was observed in the brain slice from 2-month old HD mice^[@CR54]^. Future work is needed to address this difference between cultured striatal neurons and the brain slices from young HD mice.

Our finding that the prevalence of "full-decay" and "decay-plateau" release patterns are decreased and increased, respectively, in zQ175 cortical neurons suggests a possible mechanism underlying the reduced release of BDNF in HD cortical neurons. Thus, a decrease in cortical BDNF release would result in reduced corticostriatal synaptic activity, which would further decrease BDNF release due to weakened synaptic strength^[@CR55]--[@CR57]^, ultimately leading to the degeneration of striatal neurons as the disease progresses. Nevertheless, other mechanisms may contribute to the degeneration of striatal neurons in HD. For example, several groups reported altered TrkB receptor signaling in response to BDNF in HD^[@CR40],[@CR51],[@CR58]^. In addition, the p75 neurotrophin receptor (p75NTR), which binds BDNF with low affinity, was suggested to play a role in the pathophysiology of HD^[@CR40],[@CR59]^; moreover, synaptic plasticity was rescued by inhibiting either p75NTR signaling or its downstream pathway^[@CR40]^. Thus, p75NTR signaling may play a role in the degeneration of striatal neurons in HD, although the role that p75NTR signaling plays in striatal neurons may change during development. Further studies are clearly warranted in order to identify the detailed mechanisms underlying the degeneration of striatal neurons in HD.

The molecular mechanisms that underlie the reduction in BDNF release in HD are poorly understood. However, our findings suggest a possible interaction between the mutant huntingtin protein and the release machinery in dense-core vesicles. For example, the increased prevalence of transient fusion pore openings suggests a possible interaction between the mutant huntingtin protein and Huntingtin-associated protein 1 (HAP1) during exocytosis, as ΗΑP1 is localized to synaptic vesicles^[@CR60]^ and dense-core vesicles in neurons^[@CR61]^, and loss of HAP1 was reported to decrease the number of full-fusion event by regulating the stability of fusion pore opening in dense-core vesicles^[@CR62]^. The mutant huntingtin protein may therefore alter fusion pore opening by altering the normal function of HAP1; this notion is supported by the finding that the mutant huntingtin protein binds to HAP-1 more strongly than the wild-type huntingtin protein^[@CR63]^. In addition, α-synuclein may play a role in the increased prevalence of transient fusion pore opening in HD, given that α-synuclein promotes fusion pore dilation in dense-core vesicles during exocytosis^[@CR35]^. Because the release of BDNF is believed to be modulated by a combination of distinct release mechanisms^[@CR10],[@CR35]^, the putative interactions between the mutant huntingtin protein and other proteins such as SNAP25, SNAP47, and synaptotagmin-4 warrant investigation. In addition, further study is needed in order to identify the molecular mechanisms that underlie the decreased release of BDNF in HD; such studies will also help elucidate the mechanisms that underlie striatal neurodegeneration as the disease progresses.

In conclusion, we report decreased release and transport of BDNF in cortical neurons in zQ175 mice. In addition, we show that the prevalence of "full-decay" release events of single BDNF-containing vesicles is reduced in HD neurons, which may explain the decreased BDNF release observed at single synaptic terminals. Thus, our findings provide insight into the impaired delivery of BDNF in HD and suggest a possible pathogenic mechanism underlying the degeneration of striatal neurons in HD. Finally, our measurements of the exocytosis and transport of BDNF-containing vesicles may help facilitate the development of new therapeutic approaches to HD.
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